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ABSTRACT
Fretting and corrosion at the taper-head interface in total hip arthroplasty has been reported as
a potential cause of early failure of the implant system. The finite element (FE) method can be
used to study the mechanics at the taper junction that are difficult to assess experimentally.
Taper mismatch is one of the factors that can influence the performance of the taper junction.
In this study we have assessed the effect of taper mismatch, in combination with assembly force
on the volumetric wear. The study showed that higher assembly forces and smaller mismatches
result in the least volumetric wear.
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Introduction
Modular total hip replacements have been developed in
the past to improve intra-operative flexibility, and to
facilitate restoration of patient anatomy (Hozack et al.
1996; Srinivasan et al. 2012). Modular interfaces within
femoral hip implant systems can take the form of
modular necks, modular stem extensions, proximal
bodies or the interface with the femoral head, but also
includes taper adaptors for use with large diameter fem-
oral heads or ceramic femoral heads. The modular
tapers are generally conically shaped and can vary in
size and material (Nassif et al. 2013; Mueller et al.
2017). The focus of this work was on the modular con-
nection between a femoral stem and a taper adaptor
intended for use with large diameter femoral heads.
Although there are many advantages of using modu-
lar junctions (Srinivasan et al. 2012), under certain cir-
cumstances they may be associated with additional risks,
as described in reports on fretting wear at these locations
(Goldberg et al. 2002; Higgs et al. 2013). Fretting wear is
caused by small cyclic motions between two contacting
surfaces, and is a result of a combination of mechanical
and chemical processes, such as abrasion and corrosion.
Fretting produces particles and metal ions that are
released into the joint cavity, and can in some cases even
lead to early failure of hip replacement (Delaunay et al.
2010; Swann et al. 2015).
One of the factors that may influence taper fretting
and wear is the angular mismatch between the taper of
the stem and the femoral head. A mismatch between
the head and the stem is often designed into systems to
ensure consistent performance, while a specified toler-
ance band is allowed in order to ensure manufacturabil-
ity. The magnitude of the actual mismatch depends on
the specific processes and tolerances prescribed by the
manufacturer. A mismatch can result in the head seat-
ing at either the proximal or distal end of the stem
taper, known as ‘tip fit’ and ‘base fit’, respectively. Due
to implant- and manufacturer-specific taper tolerances,
tapers from different manufacturers with even nomin-
ally similar taper angles may not be compatible, and
therefore should not be ‘mixed-and-matched’.
Taper geometries for the modular junction are
defined by the taper angle, length and distal or prox-
imal diameter, roundness, straightness, surface finish
and material (Werner et al. 2015). General manu-
facturing tolerance requirements as described in
ISO 2768-1:1989 have not changed since 1989,
while manufacturing processes have consider-
ably improved.
Tolerances that influence the taper connection
include linear and roundness tolerances, representing
the tolerances on the diameter of the taper, and the
deviation from a perfect circular shape.
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Several FE studies found a relationship between
taper mismatch and taper wear (Ashkanfar et al.
2017; Fallahnezhad et al. 2017). However, in a
retrieval study by Kocag€oz et al. (2013), no relation
between taper mismatch and fretting or corrosion
damage was observed. Moreover, in FE studies that
did demonstrate a relationship between taper mis-
match and wear there is no consensus as to which
situation is preferable. Fallahnezhad et al. (2017) con-
cluded that ‘base fit’ mismatches are more resistant to
fretting wear, while Ashkanfar et al. (2017) found the
opposite, with ‘base fit’ tapers having significantly
higher wear rates, reportedly caused by the larger
moment arm in the case of a ‘base fit’ taper.
Computer simulations using the FE method can be
used to study the taper mechanics. Several studies have
used FE to study parameters that may affect the taper
interface, such as head size (Theodorou et al. 2011;
Elkins et al. 2014; Lavernia et al. 2015), assembly force
(Elkins et al. 2014; Dyrkacz et al. 2015; Fallahnezhad
et al. 2016; 2019), taper surface finish (Ashkanfar et al.
2017), taper mismatch (Ashkanfar et al. 2017;
Fallahnezhad et al. 2017), and taper size (Donaldson
et al. 2014; Dyrkacz et al. 2015). Larger heads have
been suggested to lead to an increased moment arm,
thereby increasing the taper loads (Langton et al.
2012). A higher assembly force can increase the stabil-
ity of the junction, which decreases the amount of
wear (Elkins et al. 2014), but may increase contact
pressures and region of contact and therefore may
increase the amount of wear (Fallahnezhad et al. 2019).
Most of the FE studies use a simplified FE model in
which the effects of cyclic wear is not present, and the
geometry does not change as a result of wear.
In this work, FE analyses were used to study the
effect of taper mismatch, using adaptive meshing to
account for material removal due to wear. A previ-
ously developed FE model was adapted to investigate
the effect of manufacturing tolerances and different
assembly forces on taper wear. In this model a titan-
ium stem was coupled with a titanium taper adaptor.
The model was then used to analyze the effects of
manufacturing tolerances on the volumetric wear, and
to establish which type of angular mismatch resulted
in the least, and which resulted in the largest amount
of volumetric wear.
Methods
FE model
A previously developed quasi static FE model (Bitter
et al. 2018) was used as basis for the current study. A
Ti6Al4V stem with a Type 1 taper (4) was used in
combination with a Ti6Al4V taper adaptor (Zimmer
Biomet UK Ltd, Swindon, UK) with the maximum
available offset of þ9mm, in order to increase the
lever arm on the trunnion. An optimal tetrahedral
mesh size was selected based on a mesh convergence
study, resulting in a mesh size with edge lengths of
0.2mm at the contacting surfaces. Elastic and plastic
material properties were assigned. A Young’s modulus
of 107GPa, a poission’s ratio of 0.34, a yield stress of
865MPa and an ultimate strength of 945MPA were
assigned based on tensile tests on the actual implant
material. Frictional contact was modeled using an iso-
tropic penalty formulated friction coefficient of 0.29.
This coefficient of friction was determined in an
experimental study for the same implant system
(Bitter et al. 2016).
Taper tolerance
The stem taper tolerance was varied in accordance
with general manufacturing tolerances from ISO
2768-1:1989. A manufacturing tolerance of ± 0.1mm
on the stem taper diameters was assumed, resulting in
the following five scenarios illustrated in Figure 1:
1. ‘Perfect fit’: no angular mismatch between the
stem taper and the taper adaptor.
2. ‘Tip fit’: angular mismatch causes the taper adap-
tor to seat proximally.
3. ‘Base fit’: angular mismatch causes the taper
adaptor to seat distally.
4. ‘Oval frontal’: a perfect fit in the superior-inferior
(SI) direction and an angular mismatch in the
anterior-posterior (AP) direction.
5. ‘Oval coronal’: a perfect fit in the AP direction
and a mismatch in the SI direction.
In addition, the angular taper mismatch was reduced
by 50% for each of these scenarios in order to evaluate
the effect of the magnitude of the taper mismatch. The
resulting angular mismatch, based on the tolerances
described in ISO 2768-1:1989, on the male taper was
1.27 for the full and 0.64 for the half mismatch. The
female taper on the adaptor was kept constant.
Wear model
Wear was simulated using adaptive meshing based on
Archard’s law, as previously described in (Bitter et al.
2018). The wear depth was calculated following
H¼ kpS, in which H is the wear depth (mm), k is the
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wear factor (mm3/Nmm), p is the contact pressure
(MPa) and S is the sliding distance (mm). The geom-
etry of the stem was updated by moving each node
perpendicular to the surface using the
UMESHMOTION subroutine (Abaqus 2017, Dassault
Systemes, Velizy-Villacoublay, France), according to
the calculated wear depth. The loads on the model
were based on previous fretting experiments; the stem
was fixed in accordance with ISO 7206-6:2013, the
adaptor and stem were assembled using 2, 4 or 15 kN
force perpendicular to the taper axis (Figure 2). A
cyclic load between 0.4 and 4 kN was applied oriented
as described in ISO 7206-6:2013. The wear was
updated after each change in load for every cycle
(both after reaching 0.4 and 4 kN). 50 virtual steps
were modeled mimicking 10 million experimental
cycles, linearly accelerating the simulation with a fac-
tor of 200.000 by scaling the wear factor. This discret-
ization was applied to give optimal results in
simulation time and predicted wear. The wear factor
used was determined previously (Bitter et al. et al.
2018) at a value of 2.7 105 [mm3/Nmm] by match-
ing FE models with experiments.
Results
The full ‘tip fit’ stem assembled with 2 kN did not
numerically converge from the first cyclic load step,
most likely due to the poor connection at the top
edge of the stem in this situation. Therefore, the
results of this simulation have been not
been included.
Micromotions and contact pressures
In Figures 3 and 4 the micromotions and contact
pressures are plotted for all the mismatch situations
assembled with 4 kN. The figures are created at the
final 4 kN load, the micromotions are calculated as
the contact displacement relative to the previous load
of 0.4 kN. As a result of the adaptive meshing these
patterns have changed between the first cycle and the
last cycle. The areas where the contact pressures and
micromotions overlap is the area in which adaptive
meshing will take place to simulate the wear. From
these figures it can be seen that the overlap in
Figure 1. Taper mismatch scenarios.
Figure 2. FE boundary conditions and loads.
COMPUTER METHODS IN BIOMECHANICS AND BIOMEDICAL ENGINEERING 1063
Figure 3. Micromotion plots for junctions assembled with 4 kN. The darkest red color indicates micromotion values which are
above 70mm.
1064 T. BITTER ET AL.
Figure 4. Contact pressures plots for junctions assembled with 4 kN.
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micromotions and contact pressures for the ‘tip fit’ is
not situated at the tip, but further down on the infer-
ior side. When the mismatch was halved, this area
moved down even further on the inferior side, result-
ing in the wear patch also moving down on the infer-
ior side of the stem (Figure 6).
For the ‘base fit’ the opposite can be seen. On the
superior side the micromotions are higher up on the
taper where the largest contact pressures are at the
top of the taper. On the inferior side the micromo-
tions and contact pressures are near the base of the
taper, the resulting wear patch is shown in Figure 6.
The micromotion and contact pressure patches for
the ‘oval fit’ stems start at the same height on the
stem as the ‘tip fit’, however the shape of the contact
area is different. The initial contact areas are not in
line with the direction of the load, resulting in an
almost diagonal contact area.
Plastic deformation
Plastic deformation was not observed in any of the
stems during the assembly process. Even though the
contact pressures for the ‘base fit’ were above the
yield stress of 865MPa, the (von mises) yield criteria
was not reached and plasticity was not present at
this point.
Plasticity was observed after the cyclic loading,
mainly in the ‘tip fit’ situations. The largest plastic
strain was observed for the ‘tip fit’ assembled with
15 kN, see Figure 5. The maximum plastic strain was
in this case 2.74%, it reduced slightly to 2.67% when
assembled with 4 kN. For all other mismatch types
the plasticity was considerably smaller. The ’base fit’
assembled with 15 kN had a small plastic patch at the
base of the taper, with a maximum plastic strain of
0.35%. The ‘oval’ stems had small plastic patches at
the tip, with maximum values of 0.58% and 0.61% for
the ‘oval coronal’ and ‘oval frontal’ stems respectively
when assembled with 15 kN. The plastic strain
decreased in all situations with a lower assem-
bly force.
Wear patterns
In Figure 6 the wear depth contour plots can be seen
for different taper fits assembled with 4 kN after 10
million cycles. All components are orientated in-line
with the applied load, displaying the wear patches on
the inferior side of the taper. The ‘perfect fit’ had the
least wear with the lowest wear depth (26.9 mm), while
Figure 5. Plastic strain for ’Tip fit’ assembled with 15 kN, and subsequently cyclic loaded, at the end of the simulation.
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Figure 6. Wear depth contour plots, after simulation assembled with 4 kN.
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the ‘tip fit’ had the largest visible “thumbprint” wear
patch and the highest wear depth (67.7 mm). The half
‘tip fit’ stem had a wear patch similar to the full ‘tip
fit’, but the wear depths were lower (46.2 mm), reduc-
ing the total volumetric wear. The ‘base fit’ stems had
maximum wear depths of 46.6 mm for the full toler-
ance and 42.2 mm for the half tolerance.
Wear rates and total wear
The volumetric wear rates showed relatively high ini-
tial wear rates, which decreased after 1 million cycles
for all types of taper fit (compare left to right curves
in Figure 7). The ‘tip fit’ had the highest volumetric
wear and wear rates when assembled with 4 kN (as
mentioned previously, the 2 kN simulation with a tip
fit stem did not converge). The ‘perfect fit’, when
assembled with 2 kN or 4 kN, resulted in the lowest
wear rates and least amount of total volumetric wear
(Figure 8). The half and full ‘base fit’ stems had a
slightly larger wear rate and total volumetric wear
than the ‘perfect fit’ when assembled with 2 kN or
4 kN, but performed better when assembled with
15 kN. The volumetric wear was 43% lower with the
half ‘base fit’ stem and 40% lower with the ‘base fit’
stem, compared to the ‘perfect fit’ stem assembled
with 15 kN. The results for the oval fits were between
the results for the tip and base fits, and the ‘oval
coronal’ fit had less volumetric wear compared to the
‘oval frontal’ fit.
Discussion
In the present study the volumetric wear at the taper
junction was calculated for different taper mismatches
and assembly forces. For low (2 kN) and recom-
mended (4 kN) assembly forces, a ‘perfect fit’ resulted
in the least amount of wear. In the case of high
assembly forces, the mismatches had less of an effect,
with less variation in amount of wear. In this case the
‘base fit’ mismatches had the least amount of wear.
The least amount of wear in case of a ‘perfect fit’ can
be explained by the contact pressures being spread
over the whole interface, rather than a small contact
area at the tip or base of the taper. Although this
larger contact area seems to lower the wear in the
case of a ‘perfect fit’, the opposite is true for the tip
and base fit stems. The ‘tip fit’ stem had a larger area
in contact, a larger wear patch and more volumetric
wear compared to the ‘base fit’ stem. The same was
found when comparing the half ‘tip fit’ stem with the
full ‘base fit’ stem, which both showing a similar max-
imum wear depth. The conceptual ‘oval fit’ mis-
matches had a volumetric wear in between the tip
and base fit stems, where the orientation had an effect
on the volumetric wear. This can be explained by the
Figure 7. Initial wear rate up to 1 million cycles (left) and wear rate after 1 million cycles (right) for different tolerances and
assembly forces. Lines are connected between 2, 4 and 15 kN assembly force to emphasize the trends found depending on the
assembly force.
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orientation of the load being in-line with the contact
area of the oval shape, resulting in a larger area where
micromotions and contact pressures overlap.
In this work it is shown that the wear is reduced
with an increased assembly force. This agrees with the
experimental findings of Rehmer et al. (2012) who
found that an increased assembly force results in a
higher trunnion strength, meaning a larger pull-off
force or turn-off moment was required when
assembled with a higher assembly force. Assembly
forces as high as 15 kN reduced the volumetric wear
and volumetric wear rate in every situation. It is,
however, unlikely that these high assembly forces will
be reached in clinical practice. Furthermore, it is also
undesirable, as such a high assembly force could
result in a damaged femur. The use of the high 15 kN
assembly force in this study is used to show a ‘best
case’ scenario for the taper interface. The large spread
between the assembly forces help to get a better view
of the effect of assembly force on taper wear. Lavernia
et al. (2009) found relative low impaction forces of
1.6 ± 0.4 kN, where Nassutt et al. (2006) found higher
assembly forces of 3.4 kN, but with a large standard
deviation of 2.3 kN. As the assembly force is import-
ant for the trunnion strength, the use of an instru-
mented hammer could be beneficial in order to give
surgeons confirmation that they have applied suffi-
cient impaction force.
Compared to other studies, the tolerances in this
paper are based on general manufacturing tolerances
on the taper diameters, and not on measurements of
a single implant system (Rehmer et al. 2012) or meas-
urements from new and retrieved implants of a single
manufacturer (Langton et al. 2012; Brock et al. 2015;
Langton et al. 2017). This results in larger tolerances
than measured or found in retrieved systems.
Although it is unlikely that such high deviations are
manufactured, the tapers would be within specifica-
tions. It has been shown that mixing and matching of
different components from different manufacturers
can result in mismatches, with an increased risk of
failure (Chana et al. 2012). Even though the angular
mismatch in this study is relatively large, a compo-
nent mismatch of 1.69, with a Type-1 stem and a
12/14 head, would result in an even larger mismatch.
G€uhrs et al. (2017) described that this type of mis-
match is not easily detected visually during surgical
assembly, and that mismatched taper/heads result in
about 50% lower fracture loads in case of a ceramic
head. Both these situations, mixing and matching of
components of different manufacturers, and of differ-
ent taper types, could lead to larger mismatches than
currently found on retrieved systems where compo-
nents are used as intended. The current results show
that it is important to minimize taper mismatch, and
that it is better to have a ‘base fit’ than a ‘tip fit’. This
information may be of value for the manufacturing
Figure 8. Volumetric wear after 10 million cycles.
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process of taper junctions in hip arthroplasty compo-
nents. A recent study of Mueller et al. (2017), among
stems and heads from 8 different manufacturers
showed, that out of the 8 systems tested 7 had a ‘tip
fit’ and only one a ‘base fit’ mismatch.
Other studies have shown mixed results when
modeling wear for different taper tolerances.
Fallahnezhad et al. (2017) concluded that base fit mis-
matches are more resistant to fretting wear, while
Ashkanfar et al. (2017) found the opposite with base
locked tapers having significantly larger wear rates.
Both studies, however, have different material combi-
nations, taper mismatches and wear models.
Ashkanfar et al. uses the dissipated energy wear law
for a cobalt chrome on titanium material couple with
a maximum mismatch of 0.18 in a 3D FE model.
Fallahnezhad et al. uses a 2D wear model based on
Archard’s law for cobalt chrome on cobalt chrome
material couples with a maximum mismatch of
0.124. Both studies used a 4 kN assembly force and
larger taper angles, 5.6 versus our 4. The differences
in these results could possibly be explained by the dif-
ferent material couples, wear models or the magni-
tude of the taper mismatch. The variation in
outcomes of computational models simulating taper
fretting illustrate the importance of model validation
against experimental results, which we have done in
our previous work (Bitter et al. 2018).
In the current study volumetric wear was calcu-
lated as the amount of volume lost due to the move-
ment of the nodes. There is, however, also a change
in geometry due to plastic deformations. Plastic
deformation was mainly observed in the ‘tip fit’
stems, and hardly in any of the other cases. The volu-
metric material loss for the ‘tip fit’ stems might there-
fore be underestimated, when compared to
experimental measurements of taper junctions.
Although the loading in the current study was sim-
plified, it was based on an experimental set up from a
previous study, which was used to mimic wear pat-
terns found on retrieved components, to ensure a
clinically relevant loading regime.
In this study Archard’s law is used to model wear.
This model is limited to wear based on contact condi-
tions, sliding distances and material constants like the
hardness. As a result, a limitation of this model is
that only mechanical wear is modeled.
Electrochemical processes may have an additional
effect on the wear at the taper interface (Goldberg
and Gilbert, 2003), so the current simulations may
have underestimated the actual wear volume. Areas at
which there are very low contact pressures and high
micromotions now result in very low, or no wear.
These conditions might be sensitive to electrochemical
processes, such as crevice corrosion. Recently
Fallahnezhad et al. (2018) developed an FE model in
which fretting corrosion at a simplified metallic inter-
face was modeled. When applied to the taper inter-
face, this model could give improved insights into the
wear at the taper interface of modular total hip
arthroplasties.
In addition to the previous limitation, no 3rd body
wear as a result of wear debris particles or contamin-
ation was included, which may accelerate the wear
process. Archard’s law is not capable of including
these factors. Additions to the used wear model could
therefore result in more accurate wear predictions.
Although for a Ti6Al4V-Ti6Al4V stem-adapter
couple a ‘base fit’ was found to result in the least
amount of wear, this is not necessarily the best option
for all material couples. More brittle materials, such
as ceramics, are more susceptible to fracture than
metal components. The fracture risk of ceramics is
greatly increased by the taper contact region, caused
by the type of mismatch or taper offset, the taper
roughness, and the taper straightness (Heimke 1994;
Cales and Stefani 1998). A ‘base fit’ taper mismatch
increases the risk of ceramic head fracture, therefore a
‘tip fit’ is advised in order to reduce the risk of cer-
amic fracture (Piconi and Maccauro 1999).
Conclusions
This study showed that a ‘perfect fit’ between a Ti6Al4V
stem and Ti6Al4V taper adaptor in combination with a
large assembly force results in the least amount of wear.
However, it is not practical to manufacture tapers to per-
fectly match. With this in mind, this study showed that a
‘base fit’ mismatch is preferable over a ‘tip fit’ mismatch,
resulting in only slightly higher wear than a ‘perfect fit’
for Ti6Al4V components.
Furthermore, this study showed that an increase in
assembly force reduces wear, and therefore sufficient
force should be used when assembling the
implant system.
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